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Abstract
The halotolerant alga Dunaliella adapts to exceptionally high salinity and maintains low [Na]in at hypersaline solutions,
suggesting that it possesses efficient mechanisms for regulating intracellular Na. In this work we examined the possibility
that Na export in Dunaliella is linked to a plasma membrane electron transport (redox) system. Na extrusion was induced
in Dunaliella cells by elevation of intracellular Na with Na-specific ionophores. Elevation of intracellular Na was found
to enhance the reduction of an extracellular electron acceptor ferricyanide (FeCN). The quinone analogs NQNO and
dicumarol inhibited FeCN reduction and led to accumulation of Na by inhibition of Na extrusion. These inhibitors also
diminished the plasma membrane potential in Dunaliella. Anaerobic conditions elevated, whereas FeCN partially decreased
intracellular Na content. Cellular NAD(P)H level decreased upon enhancement of plasma membrane electron transport.
These results are consistent with the operation of an electrogenic NAD(P)H-driven redox system coupled to Na extrusion in
Dunaliella plasma membrane. We propose that redox-driven Na extrusion and recycling in Dunaliella evolved as means of
adaptation to hypersaline environments. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Most known plant systems di¡er from animal cells
in the absence of primary Na pumps in their outer
membranes. Cytoplasmic Na in plants is regulated
primarily by compartmentation into the central vac-
uole and by regulation of Na in£ux through speci¢c
plasma membrane (PM) channels [1,2]. Little is
known about Na homeostasis in algae, however,
recent studies suggest that several species of marine
algae (Tetraselmis viridis and Heterosigma akashiwo
sp.), extrude Na via Na-activated ‘P-type’ ATP-
ases, distinct from mammalian Na,K-ATPases [3,4].
The halotolerant and wall-less alga Dunaliella
adapts to very high salinity and as such may serve
as a useful plant model for clarifying mechanisms of
salt tolerance. Dunaliella maintains a low concentra-
tion of intracellular Na (10^30 mM) even at 4 M
NaCl, at alkaline pH and in face of a negative mem-
brane potential [5^8].
In previous studies a Na/H antiporter activity
has been identi¢ed in PM preparations of Dunaliella
[9,10]. However, the antiporter was activated by cy-
toplasmic acidi¢cation and catalyzed Na in£ux
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rather than Na e¥ux, suggesting that it is primarily
involved in pH regulation [11]. Conversely, Na ex-
trusion in Dunaliella was sensitive to vanadate ions,
inhibitors of ‘P-type’ ATPases [11,12]. However, a
Na transporting ATPase has not been identi¢ed in
Dunaliella plasma membrane. This raised the possi-
bility that an alternative Na extrusion mechanism
may be operating in this alga.
A unique electron transport (redox)-driven Na
export system was identi¢ed in marine and moder-
ately halophilic bacteria such as Vibrio alginolyticus
[13,14]. This redox system mediates one electron
transfer from NADH to ubiquinol-1 which is
coupled to Na extrusion and was termed NADH-
quinone reductase (NQR-1) [15]. NQR-1 contains
covalently bound as well as non-covalently bound
£avins [16] and is strongly inhibited by the quinone
analog HQNO [15]. The nqr operon encoding NQR-
1 from V. alginolyticus was cloned and found to con-
sist of six structural genes [17]. Six protein subunits
corresponding to nqrA-F have been identi¢ed in a
puri¢ed NQR-1 complex [18]. The mechanism of en-
ergy coupling between electron transport and Na
translocation is still not clear. Since quinones cannot
function as Na carriers it has been proposed that
the coupling mechanism may be indirect [15].
Plasma membrane (PM) associated redox activities
are ubiquitous also in plant cells and are involved in
diverse physiological functions that are still not fully
understood [19,20]. Activation of PM electron trans-
port associated with H extrusion was found to be
accompanied by membrane hyperpolarization and
may function in membrane energization [21^23]. Sev-
eral inhibitors were shown to modulate PM electron
transport and proton excretion in plants, dicumarol
[24], retinoic acid and chloroquine [25]. Other PM
electron transport systems were shown to function
in uptake of iron and of nitrate and in the oxidative
burst in response to pathogen attack [19].
In the present study we examined the possibility
that Na extrusion in Dunaliella is coupled to a PM
electron transport. We demonstrate that Na iono-
phores activate reduction of extracellular FeCN and
characteristic inhibitors of PM electron transport
block FeCN reduction and Na extrusion. These re-
sults are consistent with operation of a plasma mem-
brane e3 transport that extrudes Na.
2. Materials and methods
2.1. Algal strain and growth conditions
Dunaliella salina, a green species, was obtained
from the culture collection of Dr W.H. Thomas,
La Jolla, CA. Algae were cultured in a 1 M NaCl
medium as previously described [26]. For the experi-
ments, cells were collected by centrifugation at
2000Ug for 10 min and resuspended in ‘minimal
medium’ containing: 1 M NaCl, 5 mM KNO3,
5 mM MgSO4; 0.2 mM CaCl2; 25 mM NaHCO3
and 25 mM Mops^Tris bu¡er, pH 7.5. Cell number
and volume, were determined by a Coulter Counter,
Multisizer II (Coulter Electronics, UK).
2.2. Determination of internal Na+ and K+ content
Algae were resuspended in minimal medium at a
concentration of 4U108 cells ml31 and were incu-
bated for 30 min in the light with continuous shaking
as speci¢ed. Intracellular Na content was deter-
mined by transfer of 100^150 Wl cell suspension
through Dowex-50 minicolumns, in order to elimi-
nate Na from the medium, as described before [5].
Na was extracted from cells with 5% nitric acid, cell
debris were pelleted by centrifugation at 2000Ug for
15 min and Na content in the cell extracts was mea-
sured with a spectra AA 50 Atomic Absorption spec-
trophotometer (Varian, Australia).
K content was determined from 86Rb uptake
essentially as described by Pick et al. [27]. Cells
were concentrated to 108 cells ml31 in minimal me-
dium, preincubated with inhibitors for 10 min, fol-
lowed by addition of 86Rb 2U105 cpm Wmole31.
After 30 min samples were passed through Dowex-
50 mini-columns as described above and counted in a
liquid scintillation counter.
2.3. 22Na+ e¥ux measurements
Dunaliella cells, 2U109 cells/ml, were loaded with
22Na (4U107 cpm Wmole31 Na in minimal medium)
by 30 min incubation in the light. 22Na e¥ux was
initiated by a 20-fold dilution into minimal medium
containing inhibitors and terminated on Dowex-50
mini-columns as described above. 22Na content in
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the cells was determined in a liquid scintillation
counter.
2.4. FeCN reduction measurements
Electron transport was measured by reduction of
FeCN as follows: FeCN (0.1 mM) was added to 2 ml
cell suspension containing 1U107 cells ml31 in a
stirred 3-ml cuvette. Changes in absorbance were
monitored at 420 nm in an Aminco Dual Wave-
length DW-2a spectrophotometer (American Instru-
ment Co., Silverspring, MD). Cells were preincu-
bated with di¡erent inhibitors (see ¢gure legends)
for 5^10 min before the measurement.
2.5. Intracellular NAD(P)H content
Changes of cellular NADH level were monitored
by £uorescence emission spectra of algae in suspen-
sion (107 cells ml31) at excitation of 350 nm. The
measurements were carried out with SLM-2000 spec-
tro£uorimeter (SLM Aminco, Urbana, IL).
2.6. Membrane potential measurements
The plasma membrane potential of Dunaliella cells
was measured by using the cyanine £uorescent probe,
diS-C3-(5) as previously described [7]. This method is
based on the fact that the negative-inside membrane
potential quenches the £uorescence of the dye. Dis-
sipation of the potential by valinomycin+K leads to
£uorescence enhancement which is quantitatively
correlated with the size of the transmembrane poten-
tial. Fluorescence changes were measured in SLM-
2000 spectro£uorimeter at excitation and emission
wavelengths of 645 and 670 nm, respectively. diS-
C3-(5), 4 WM, was added to an algae suspension
(2U107 cells ml31) in a medium containing 1.4 M
glycerol, 100 mM NaCl and 100 mM Mops^Tris
(pH 7) with continuous stirring. For complete dissi-
pation of the membrane potential, 1 WM valinomycin
and 100 mM KCl was added 7 min after equilibra-
tion. Inhibitors were preincubated with the algae for
10 min, before the addition of the dye.
2.7. Other assays
Photosynthetic oxygen evolution and respiratory
oxygen uptake were measured with a Clark-type oxy-
gen electrode in cell samples in minimal medium at
23‡C. ATP content of cells was determined by the
Luciferase assay technique in a Biocounter M-2500
(Lumac-Calsis, Langdraaf, The Netherlands).
3. Results
3.1. Na+-dependent FeCN reduction
To investigate whether PM electron transport in
Dunaliella is involved in driving Na elimination,
cells were treated with Na ionophores in order to
elevate intracellular Na and stimulate Na extru-
sion. If this process is coupled to an electron trans-
port (redox) reaction in the PM, then it may be ex-
pected to enhance the reduction of an extracellular
electron acceptor (Fig. 1). To test this hypothesis, cell
were treated with Na-speci¢c ionophores and sup-
plemented with the membrane-impermeable electron
acceptor ferricyanide (FeCN). Treatment of Dunaliel-
la cells with two Na-speci¢c ionophores, monensin
and ETH-157, elevated intracellular Na content,
and stimulated the reduction of FeCN whereas K-
selective ionophores, valinomycin and nonactin, had
Fig. 1. Schematic presentation of the proposed model for Na-
coupled redox activity in Dunaliella plasma membranes.
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no e¡ect on Na content or on FeCN reduction
(Table 1).
Further support for the dependence of FeCN
reduction on internal Na was obtained from Na
substitution experiments. Monensin enhanced FeCN
reduction in medium containing 1 M NaCl (Fig. 2A)
but not in a 1 M choline-Cl or in a K containing
medium unless Na was supplemented (Fig. 2B).
Fig. 2. FeCN reduction and dependence on Na. (A) FeCN
reduction of algae, resuspended in minimal medium containing
1 M NaCl, was measured in the presence or absence of 10 WM
monensin. (B) Algae were washed twice in medium without
NaCl and resuspended in minimal media containing 1 M cho-
line-Cl. The arrow indicates addition of FeCN. Monensin, KCl
or NaCl were added 5 min before the assay. FeCN was mea-
sured as described in Section 2.
Table 1
E¡ect of ionophores on intracellular Na content and FeCN
reduction
Treatment Internal Na
(nmol 107 cells31)
FeCN reduction
(nmol min31 107 cells31)
None 9.2 þ 1.5 0.2 þ 0.05
Monensin 23.0 þ 3.3 2.5 þ 0.1
ETH 157 21.0 þ 1.5 2.6 þ 0.3
Valinomycin 8.0 þ 1.0 0.2 þ 0.05
Nonactin 6.8 þ 1.0 0.3 þ 0.1
Algae were preincubated with 10 WM monensin, 3 WM ETH
157, 1 WM valinomycin or 10 WM nonactin, for 30 min before
Na determination or for 10 min before FeCN reduction. Each
value represents the mean þ S.D. of three experiments.
Fig. 3. (A) E¡ect of inhibitors on FeCN reduction. Algae were
preincubated for 5 min with: 1,2, no additions; 3, 50 WM dicu-
marol; 4, 25 WM NQNO; 5, 25 WM p-CMBS, before the addi-
tion of FeCN. The gray arrow indicates addition of 0.1 mM
FeCN and the black arrow, addition of 10 WM monensin. (B)
E¡ect of inhibitors on intracellular Na content. Cells were in-
cubated for 30 min in the absence or presence of 10 WM mon-
ensin, and either no additions (control), or 50 WM dicumarol,
25 WM NQNO, 25WM p-CMBS, and analyzed for Na content.
Each value represents the mean þ S.D. of three experiments.
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3.2. PM electron transport inhibitors
In order to assess the involvement of plasma mem-
brane electron transport reaction in Na elimination
we tested the e¡ect of inhibitors, known to inhibit
redox reactions in bacteria and plant plasma mem-
branes, on Na content and on FeCN reduction. As
shown in Fig. 3, the quinone analogs NQNO, dicu-
marol and the mercurial p-CMBS, completely abol-
ished the monensin-induced FeCN reduction (Fig.
3A) and increased the accumulation of Na ions
(Fig. 3B). Since these inhibitors may inhibit also pho-
tosynthesis or respiration, it was important to rule
out indirect e¡ects. As is shown in Table 2, neither
quinone analogs nor p-CMBS signi¢cantly inhibited
respiration, photosynthesis or cellular ATP levels.
The results indicate that these inhibitors a¡ect pri-
marily the plasma membrane.
To clarify the kinetic mode of action of the inhib-
itors, we analyzed the e¡ect of NQNO on Na e¥ux.
As shown in Fig. 4, NQNO partially inhibited the
monensin-induced Na e¥ux from 22Na-loaded
Dunaliella cells.
Fig. 4. Na e¥ux. Cells in minimal medium were equilibrated
with 22Na for 30 min followed by a 20-fold dilution into
23Na minimal medium containing 10 WM monensin with or
without 25 WM NQNO. At the indicated times samples were
analyzed for 22Na content. One representative experiment out
of three.
Table 2
E¡ect of plasma membrane e3 transport inhibitors on photosynthesis, respiration and ATP content
Treatment Photosynthesis (nmol O2 min31 107 cells31) Respiration (nmol O2 min31 107 cells31) ATP content (mM)
Control 93.0 4.2 2.5
Monensin 91.3 4.0 2.3
NQNO 89.2 4.5 2.5
Dicumarol 88.5 4.4 2.1
p-CMBS 91.5 3.9 2.4
Photosynthesis and respiration were measured with an oxygen electrode, by evolution or consumption of O2, respectively. The follow-
ing inhibitors were added 10 min before the assay: 10 WM monensin, 25 WM NQNO, 50 WM dicumarol, or 25 WM p-CMBS. ATP
content was measured after 30 min incubation with the inhibitors.
Fig. 5. Changes in cytosolic NAD(P)H. Fluorescence emission
spectra of (1) NADH in cell-free solution; (2) Alg., algae in
minimal medium, control; (3) Alg.+monensin, algae+10 WM
monensin; (4) Alg.+iodoacet., algae+5 mM iodoacetamide. Ex-
citation wavelength: 350 nm.
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3.3. Changes in cytosol NAD(P)H content
NAD(P)H is a common electron donor of mem-
brane redox reactions and therefore can be a poten-
tial electron donor of the Na-dependent FeCN re-
duction. NAD(P)H in Dunaliella cells was probed by
the £uorescence emission peak at 450^460 nm which
corresponded to NADH in solution and was elim-
inated by the glycolytic inhibitor iodoacetamide
(Fig. 5). Addition of monensin in the presence of
Na to Dunaliella cells induced a partial decrease
in NAD(P)H £uorescence level.
3.4. E¡ect of oxygen and FeCN on Na+ content
Incubation of Dunaliella cells under anaerobic con-
ditions resulted in a 3-fold accumulation of Na ions
in comparison to aerobically-cultured cells. Supple-
mentation with the arti¢cial electron acceptor ferri-
cyanide (FeCN) partially decreased Na content
under both aerobic and anaerobic conditions (Fig.
6).
3.5. Measurements of plasma membrane potential
If the putative Na-redox system in Dunaliella
functions as an electrogenic transport system, than
it may be expected to contribute to the overall mem-
brane potential (vi). To test this prediction, we mea-
sured the e¡ect of electron transport inhibitors on
the plasma membrane potential. vi was probed by
£uorescence enhancement changes of an oxacarbo-
cyanine dye in response to valinomycin-K, which
dissipates the plasma membrane potential in Duna-
liella [7]. NQNO suppressed the £uorescence en-
hancement of the probe, indicating inhibition of the
membrane potential (Fig. 7A). Uptake of K in Du-
naliella is driven by the membrane potential and
therefore, this parameter can provide an alternative
estimate on the size of the membrane potential [27].
As shown in Fig. 7B, NQNO inhibited by about 50%
the rate of 86Rb uptake, and dicumarol had a sim-
Fig. 6. E¡ect of oxygen on internal Na content. Algae were
resuspended in minimal medium and incubated for 40 min in
the light under the following conditions: O2, open air ; 3O2,
sealed under argon; +FeCN, addition of 2 mM FeCN. Each
value represents the mean þ S.D. of three independent measure-
ments.
Fig. 7. E¡ect of inhibitors on plasma membrane potential. (A)
Fluorescence measurements with diS-C3-(5). Algae were prein-
cubated for 10 min with the dye diS-C3-(5), and with or with-
out 25 WM NQNO before the assay. The arrow indicates addi-
tion of 1 WM valinomycin and 100 mM KCl. (B) 86Rb
uptake. Cells were washed as described in Section 2, and prein-
cubated with 25 WM NQNO or 2 WM SF-6847. Each value rep-
resents the mean þ S.D. of two experiments.
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ilar e¡ect (not shown). As a control, the protono-
phore SF-6847 which deenergizes Dunaliella cells
(complete inhibition of photosynthesis, respiration
and ATP synthesis), completely abolished 86Rb up-
take. These results suggest that the PM electron
transport system mediates electrogenic export of cat-
ions through the plasma membrane.
3.6. Are there two parallel Na+ extrusion systems in
Dunaliella?
We have previously reported that vanadate ions,
typical inhibitor of ‘P-type’ ATPases, induced in Du-
naliella, a signi¢cant increase of intracellular Na
level under stress conditions, and based on these re-
sults suggested that a ‘P-type’ ATPase may be in-
volved in Na elimination [11,12]. In order to clarify
the relationship between vanadate and the Na-de-
pendent PM electron transport, we have tested the
e¡ect of vanadate on monensin-induced FeCN re-
duction and Na contents. As shown in Fig. 8, va-
nadate remarkably stimulated the rate of monensin-
induced FeCN reduction and elevated the level of
cellular Na under the same condition. In addition,
combination of vanadate and electron transport in-
hibitors was found to induce a synergistic increase in
intracellular Na content under conditions were nei-
ther inhibitor on its own had a signi¢cant e¡ect (not
shown). These results are consistent with the opera-
tion of two Na export systems acting in parallel.
4. Discussion
The following results suggest that Na extrusion in
Dunaliella is coupled to a plasma membrane electron
transport activity. (i) Enhanced reduction of extra-
cellular FeCN was correlated with accumulation of
intracellular Na : only Na-selective ionophores,
monensin, which mediates a Na/H exchange and
ETH-157, which catalyzes electrogenic Na uniport
[28], stimulated FeCN reduction in parallel with the
accumulation of Na. These results are consistent
with activation of a Na extrusion redox system as
a consequence of elevation of cytoplasmic Na con-
centration and a decrease of the Na electrochemical
potential gradient across the membrane. (ii) Inhibi-
tion of FeCN reduction by quinone analogs NQNO
and dicumarol or by the membrane-impermeable
mercurial p-CMBS was correlated with accumulation
of Na. The observation that NQNO inhibited Na
e¥ux suggests that the accumulation of Na resulted
from inhibition of Na extrusion. It is not clear why
NQNO and dicumarol inhibited plasma membrane
electron transport but not photosynthesis or respira-
tion. A possible reason may be that these quinone
analogs are so hydrophobic that they are stuck in the
plasma membrane [29] and do not partition into sub-
cellular organelles. (iii) The correlation between in-
tracellular Na and availability of electron donors
and acceptors: the glycolytic inhibitor iodoacetamide
was found to eliminate cellular NAD(P)H, to abolish
extracellular FeCN reduction and to elevate intracel-
lular Na (not shown). Taken together with the par-
tial decrease of cellular NAD(P)H by monensin,
these results suggest that NAD(P)H is the electron
donor for the Na-coupled plasma membrane redox
system. The observation that electron acceptors
(FeCN or oxygen) are required to maintain low in-
tracellular Na is also consistent with the depen-
dence of Na extrusion on a PM redox reaction.
Based on these results we propose that Na extru-
sion in Dunaliella is driven by a plasma membrane
electron transport system. In preliminary studies we
identi¢ed a Na-stimulated electron transport activ-
Fig. 8. E¡ects of vanadate on monensin-induced FeCN reduc-
tion and on Na content. Dunaliella cells were preincubated for
10 min with 10 WM monensin and/or 200 WM vanadate before
measurements of Na content or FeCN reduction. Means of
two independent experiments.
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ity which was dependent on NADH and on oxygen
in puri¢ed plasma membrane vesicles from Dunaliel-
la. Absorption di¡erence spectra of the membrane
preparation revealed a typical spectrum of ubiqui-
none. These results are consistent with the operation
of a putative Na-redox system in Dunaliella plasma
membranes. This possibility is appealing, since there
have been no previous reports of Na-redox systems
in eukaryotes and the only known redox pump with
similar characteristics is the bacterial NQR-1 system
(a high speci¢city for Na, sensitivity to similar qui-
none analogs ^ HQNO or NQNO, dependence on
NAD(P)H). The nature of the native electron accep-
tor is still not clear, but the e¡ect of anaerobic con-
ditions on Na accumulation and the preliminary
studies with plasma membrane vesicles suggest that
oxygen is the native electron acceptor of the Na
redox system in Dunaliella.
What is the contribution of the PM electron trans-
port system to the overall Na export capacity in
Dunaliella? The partial inhibition of Na e¥ux by
NQNO suggests that alternative Na export mecha-
nisms may operate in parallel in Dunaliella plasma
membrane. The enhancement of FeCN reduction by
vanadate in the presence of NQNO and the additive
e¡ects of vanadate and NQNO on intracellular Na
levels (Fig. 8) are consistent with the action of at
least two parallel Na e¥ux mechanisms, a P-type
ATPase and the PM electron transport systems.
The identi¢cation of a Na-redox activity in Du-
naliella, taken together with previous results, suggests
that the predominant cation in energization of trans-
port processes in Dunaliella plasma membranes may
be Na rather than H. This hypothesis is supported
by the following observations: (i) the existence of a
large, inwardly-directed Na concentration gradient
across Dunaliella plasma membranes, (ii) the pres-
ence of primary Na pump/s, (iii) the direction of
Na/H antiport in Dunaliella is similar to that in
animal cells and opposite to that in yeast, namely, it
drives an uphill H extrusion in exchange for down-
hill Na in£ux [11], and (iv) phosphate and sulfate
uptake in Dunaliella are coupled to a downhill Na
in£ux (Weiss and Pick, unpublished observations). It
may be noted also that the expression level of the
plasma membrane H-ATPase in Dunaliella salina
is low and subjected to regulation by medium pH
[30], inconsistent with the role of a predominant
housekeeping ion pump. Thus, we suggest that Du-
naliella utilizes a Na-cycle rather than H-cycle as
its primary driving force for transport processes
across the plasma membrane. This hypothesis is in-
triguing since most non-mammalian eucaryotes in-
cluding plants and fungi utilize H-ATPases as their
master energy generators for transport. The unique
situation in Dunaliella and possibly in some other
algae may re£ect adaptation to hypersaline solutions.
It is conceivable that evolutionary pressures to evolve
primary Na pumps for elimination of Na led to
generation of a large Na potential gradients which
in turn could be utilized for driving secondary Na-
coupled transport processes across the membrane at
the expense of H recycling systems.
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